Stable gold/mesoporous silica nanocomposites (with Au nanoparticles intercalated in the walls of mesoporous silica) were successfully synthesized by the hydrothermal method and applied as catalysts. A challenging issue associated with intercalation and the use of coordinating agents is the effect of the coordinating agent on the mesoporous silica structure and periodicity. This investigation is targeted at elaborating the effect of the coordinating agent on the resulting mesoporous structure. The amount of Au coordinating agent bis [3-(triethoxysilyl)propyl]-tetrasulfide (TESPTS) was systematically altered to synthesize a range of materials with varying Au loadings and morphologies. These materials were characterized by N 2 adsorption-desorption, x-ray diffraction, transmission electron microscopy and UV-visible spectroscopy. The structures of the catalysts were found to range from mesoporous to vesical-and foam-like upon varying the TESPTS/polymer template (P123) ratio. Additionally, the sizes of Au nanoparticles increased by increasing the amount of TESPTS. The catalytic properties of the resulting materials were examined using oxidation of benzyl alcohol and reduction of 4-nitrophenol as probe reactions. The intercalated systems demonstrated high activity and more importantly were robust and readily reusable. This approach to imparting stability to nanoscale materials may be much more broadly applicable and expand the types of environments in which they can be utilized.
Introduction
Green chemistry, also known as sustainable chemistry or environmentally benign chemistry, is the design of chemical products and processes that reduce or eliminate the use or generation of hazardous substances [1] . Green chemistry is a highly effective approach to pollution prevention because it applies innovative scientific solutions to real-world environmental situations [2, 3] . By definition, a catalyst influences the rate and selectivity of a reaction but is not consumed (or is regenerated) through the process. Catalysis plays a vital role in chemical industries, world economy, and environment [4] . The importance of catalysis is addressed directly in the twelve principles of green chemistry, that is, catalytic reagents (as selective as possible) are superior to stoichiometric reagents [5] . Further, catalysis is inferred or may be applicable towards the principles targeting selectivity, atomic economy, minimizing auxiliary reagents, and lowering energy demands for chemical processes.
Since the initial report by Haruta [6] that nanoscale Au demonstrated high catalytic activity for the oxidation of carbon monoxide there has been great interest in exploring the breadth of catalysis by Au [7] [8] [9] . As compared to Pt and Pd based catalysts, Au had the highest selectivity and was less prone to metal leaching, over-oxidation, and self-poisoning by strong adsorbed byproducts for aqueous-phase aerobic catalytic oxidation of alcohol [10] . It has been reported [11, 12] that the higher selectivity and absence of catalyst deactivation are likely due to the weaker adsorption of oxygen, hydrogen, reactant, and products on Au. In addition, the adsorption and catalytic activity of Au strongly depends on its particle size, shape and interface with support, all of which can be controlled by preparation methods [13] . However, as a soft metal, a major hindrance towards broad application of Au based catalysts is that Au is very prone to aggregation and loss of activity.
One of the strategies to overcome the challenge of gold aggregation is to anchor gold on support materials (available at stacks.iop.org/Nano/23/294010/mmedia) [14] [15] [16] . Ordered mesoporous structures (such as MCM-41 and SBA-15) with regular channel structures and high surface areas seem to be ideal for forming a scaffold in which metal nanoparticles can be supported on three-dimensional channels and hence their agglomeration can be prevented [10] . Gold nanoparticles have been anchored in the pores of mesoporous silica through thiol and amine groups for aerobic oxidation of cyclohexane [17] . This stabilization paradigm has proven to be effective to some degree; however, the gold nanoparticles dispersed on the silica surface (in the channels or outside of the channels) are still problematic since they remain highly susceptible to sintering under reaction conditions involving high temperatures and pressures [18] . A subsequent approach involved preparation of a catalytic system in which the gold nanoparticles are highly dispersed and confined in the walls of mesoporous silica [19] .
It remains challenging, however, to locate nanoparticles in the framework of mesoporous materials while maintaining the periodic mesoporous structure. While a number of studies in this research area describe methods for anchoring nanoparticles in the pore channel of mesoporous silica, there are limited reports relating to intercalating nanoparticles in the walls of mesoporous materials. Garcia et al incorporated γ -Fe 2 O 3 nanoparticles in the walls of aluminosilicates [20] . In 2009, two reports involving gold nanoparticles intercalated into the walls of mesoporous silica through use of a thioether group were published [19, 21] . These reports, however, were primarily proof of concept studies and a number of questions regarding the role of the thioether agent on morphology, range of gold loading, and exact nature of the catalytic sites remain. Most importantly, the primary limitation to the selective location of nanoparticles is that there is a small amount of thioether group to attract gold while in contrast, the thioether group precursor (bis [3-(triethoxysilyl) propyl]-tetrasulfide, TESPTS) can form a microemulsion with the co-polymer template (P123) and thus could destroy or alter the periodic mesoporous structure of silica. This type of 'enough is better than too much' has also been discussed in preparation of thioether-bridged mesoporous organosilicas utilizing TESPTS and tetramethoxysilane (TMOS) as the silica precursor [22] . Therefore, a systematic study of the synthesis is key to determining the limits of this potentially important approach to imparting robustness to nanoscale catalysts.
Herein, a systematic study of the preparation parameters and the resulting properties of the gold intercalated in mesoporous silica is reported. Varying the amount of the TESPTS, which is inferred to coordinate with the gold and direct it into the forming silica matrix during preparation of the mesoporous silica, produces a range of gold loadings and distinct structures. Catalytic reactions, including oxidation of benzyl alcohol and reduction of 4-nitrophenol, demonstrate the effect of preparation parameters on catalytic activity. Moreover, these materials are recyclable and show excellent stability after exposure to elevated temperatures.
Experiment section

Materials
Poly(ethylene glycol)-block-poly(propylene glycol)-blockpoly(ethylene glycol) (EO 20 PO 70 EO 20 , P123, Mv = 5800, Aldrich), tetraethyl orthosilicate (TEOS), gold(III) chloride trihydrate (99.9+%), benzyl alcohol (ACS reagent, >99.0%), 4-nitrophenol (reagent grade, 98%), sodium borohydride (NaBH 4 ) were purchased from Aldrich. TESPTS was purchased from Gelest Inc. Hydrochloric acid was purchased from Mallinckrodt Chemicals. All reagents were used as received.
Preparation of silica modified by TESPTS
The support materials (available at stacks.iop.org/Nano/23/ 294010/mmedia), silica prepared with varying amounts of TESPTS, were synthesized by the sol-gel method according to Zhao [23] . Briefly, 2 g P123 was dissolved in 75 ml HCl (2 M). Subsequently, a mixture of 4 g TEOS and an amount of TESPTS (to provide the desired ratio) were added to the homogeneous system quickly with vigorous magnetic stirring. The solution was stirred for 24 h at 313 K and aged for 72 h at 373 K. The solid was filtered off, washed with water three times and with ethanol two times, dried at 373 K for 24 h and calcined at 773 K for 5 h with a heating rate = 5 K min −1 . According to the different TESPTS/P123 molar ratio, these supported materials (available at stacks. iop.org/Nano/23/294010/mmedia) were designated STP-0, STP-0.125, STP-0.25, STP-0.5, STP-1, STP-2, STP-30 (S: support material available at stacks.iop.org/Nano/23/294010/ mmedia, T: TESPTS, P: P123), respectively.
Preparation of catalyst
The gold intercalated into mesoporous silica (CTP) catalysts were synthesized by a one-pot method based on a procedure of the corresponding support materials (available at stacks.iop. org/Nano/23/294010/mmedia) above. 2 g P123 was dissolved in 75 ml HCl (2 M). Subsequently, a mixture of 4 g TEOS and an amount of TESPTS (to provide the desired ratio) was added to the homogeneous system quickly with vigorous magnetic stirring. Then, the pre-designated amounts of aqueous HAuCl 4 solution were added drop-wise. The solution was stirred for 24 h at 313 K and aged for 72 h at 373 K. The solid was filtered off, washed with water three times and with ethanol two times, dried at 373 K for 24 h and calcined at 773 K for 5 h with a heating rate = 5 K min −1 . According to the different TESPTS/P123 molar ratio, these catalysts were designated CTP-0.125, CTP-0.25, CTP-0.5, CTP-1, CTP-2, CTP-30 (C: catalyst, T: TESPTS, P: P123), respectively.
Characterization
N 2 adsorption-desorption isotherms were performed using a Micrometrics ASAP 2020. The samples were degassed at 300 • C under vacuum for 6 h prior to the measurement. The specific surface areas were calculated with the Brunauer-Emmett-Teller (BET) method in the P/P 0 range of 0.05-0.35. Pore size distribution curves were evaluated from the desorption branch of the isotherms with the Barrett-Joyner-Halenda (BJH) method, and pore sizes were obtained from the peak positions of the distribution curves. Transmission electron microscopy (TEM) of the samples was carried out on a Philips/FEI CM200 transmission electron microscope operated at 200 kV. TEM samples were prepared by dispersing materials in deionized water and dropping the suspension onto copper grids with conductive carbon films. X-ray diffraction (XRD) patterns were recorded on a Siemens Kristalloflex 810 x-ray diffractometer with nickel filtered Cu Kα radiation (λ = 1.5418Å) at a scanning rate of 0.05 • s −1 in the 2θ range of 35 • -50 • . The low-angle x-ray diffraction was performed on a Rigaku Ultima IV XRD system with Cu Kα radiation, a step size of 0.05 • and a scanning rate of 0.3 • min −1 , respectively. UV-visible spectroscopy was measured on a thermo UV-visible spectrometer in the wavelength range from 300 to 700 nm, with a resolution of 1 nm.
Examination of catalytic activity
Solvent-free oxidation of benzyl alcohol was carried out in a Parr autoclave. 3 g benzyl alcohol and 50 mg catalyst were placed into a 30 ml autoclave and 6 bar oxygen was charged into the autoclave. It was then heated to 433 K and maintained for 5 h at that temperature with a stirring speed of 1000 rpm. After reaction, the catalyst was removed from the reaction mixture by filtration. The products and the unconverted reactants were analyzed by gas chromatography with a flame ionization detector, using a SHRX5 column from Shimadzu and helium as carrier gas.
Reduction of 4-nitrophenol was carried out under UV light by an in situ UV-vis spectrophotometer. 1 mg catalyst was ultrasonically dispersed in 100 µl distilled water. 1 ml 1 mM 4-nitrophenol was added to the spectrophotometer cell together with 50 µl catalyst suspended solution and 2 ml distilled water. The spectrophotometer cell was put in to a UV-vis spectrophotometer immediately after 150 µl 100 mM sodium borohydride (NaBH 4 ) was added to the cell. The spectra were recorded every 2 min.
Stability against thermal heating
Thermal stability was studied by heating the catalyst (CTP-0.5) to 300 • C under ambient conditions for 3 h and then to 750 • C for another 3 h. BET and XRD were utilized to characterize the catalysts before and after heating.
Results and discussion
The XRD patterns of these catalysts are given in figure 1 in which the presence of characteristic diffraction lines at 2θ = 38 • are assigned to the (111) planes of face centered cubic gold, indicating that the gold was crystalline. When the TESPTS/P123 molar ratio increased, the corresponding catalysts had stronger diffraction lines for gold, indicating the gradual increase of gold nanoparticle sizes in the mesoporous silica materials. According to the Scherrer equation [24] , the gold particles increased in size from 4 to 22 nm.
The TEM images of catalysts and silica synthesized with different TESPTS/P123 molar ratios are given in figures 2 and 3, respectively. The structures of the catalysts are mesoporous when the TESPTS/P123 molar ratio was smaller than or equal to 0.5 ( figures 2(a)-(c) ), which is similar to the morphologies of naked silica prepared at equal TESPTS/P123 molar ratio (figures 3(b)-(d) ). A mixture of mesoporous and some irregular structure formed in CTP-1 ( figure 2(d) ), but the mesopores are more dominant as compared to STP-1 ( figure 3(e) ) with a moiety of vesical-like structure. Almost irregular silica was formed when the TESPTS/P123 molar ratio reached 2 (figure 2(e)), which is on the whole similar to the corresponding support materials (available at stacks.iop.org/Nano/23/294010/mmedia) STP-2 containing highly curved morphology that predominantly resembled the vesical-like structure. The TEM image of CTP-30 primarily exhibits the existence of a foam-like structure together with smaller vesical-like features and it is also like the configuration of STP-30 ( figure 3(g) ). Additionally, the size of gold nanoparticles increased due to the enhanced TESPTS/P123 molar ratio, which is in a good agreement with the XRD patterns. From these TEM results, we can see that with an increase in the molar ratio of TESPTS, the mesostructure of the catalysts gradually changes from a highly ordered mesostructure via a vesical-like structure to a mesostructured cellular foam, parts of which have similar structures to the parent silica while others do not. It is difficult to understand the results only from the TEM images and thus nitrogen sorption was used to further elucidate the mesophase change from silica to catalysts.
Nitrogen sorption analysis provides detailed information regarding the texturology of the system. All of the isotherms of CTP-n (figure 4) are of type IV (IUPAC classification) with an H1 hysteresis loop with the exception of CTP-30, indicating the presence of mesopores. The corresponding pore size distributions (figure S1 available at stacks.iop.org/ Nano/23/294010/mmedia), which are calculated by the BJH method from the desorption branch of the isotherms further indicate mesoporosity (∼6 nm) [25] again with the exception of CTP-30 (figure S1 available at stacks.iop.org/Nano/ 23/294010/mmedia, table 1). The adsorption isotherm of CTP-30, however, exhibits a sharp increase at 0.80 < P/P 0 < 0.95, with a hysteresis loop that could be regarded as H2. The observation of the hysteresis loop of type H2 is the signature of the occurrence of a percolation process in disordered porous materials [26] , and is consistent with the pore size distribution plot (figure S1 available at stacks.iop.org/Nano/ 23/294010/mmedia) without any peaks on the BJH desorption branch. It was also reported that H2 hysteresis loops indicate the presence of pores with narrow mouths (ink-bottle pores) [27] [28] [29] . This confirms the earlier conclusion, based on TEM images, that the pore architecture is mainly a cellular foam-like structure without regular porosity. 294010/mmedia), while isotherms of CTP-1, CTP-2 and CTP-30 (figure 4) differ from those of STP-1, STP-2 and STP-30 (figure S2 available at stacks.iop.org/Nano/ 23/294010/mmedia), additionally the pore size distribution plots are provided in the supporting information (figures S1, S3 available at stacks.iop.org/Nano/23/294010/mmedia). The distinction between CTP-1/2 and STP-1/2 may be attributed to the introduction of gold after which the structure of TESPTS has been changed and cannot form a microemulsion with the polymer template P123 to disturb the mesostructures of silica [19, 22] . However, there is a sufficient amount of TESPTS to form a microemulsion with P123 for the blank To obtain a better understanding of the results from nitrogen sorption data, low-angle XRD (figure 5) was used to follow the mesophase change of STP-n and CTP-n. One broad reflection peak attributed to (100) can be clearly observed at a low-angle region (0.5 • < 2θ < 3 • ) in the XRD patterns of STP-0.5, STP-1, CTP-0.5 and CTP-1 (figures 5(a), (b), (d), (e)), indicating that these samples possess periodic structures [30] . However, the peaks of (110) and (200) are absent, indicating that the incorporation of TESPTS has at least partially altered the periodic ordered structure of SBA-15 [30] . Moreover, upon increase of the TESPTS loading, the main (100) peak disappears in the XRD patterns of STP-30 and CTP-30. These results imply that structural transformations occur with the addition of TESPTS in the initial gel mixture.
The UV-vis spectra of the CTP materials show plasmon absorption bands centered at 527 nm, 528 nm and 538 nm, respectively. It is reported that gold nanoparticles with an average diameter of 4 nm provide a UV-vis absorption spectrum with a band at 525 nm [31] . For CTP-0.5 and CTP-1, the absorption bands centered at 527 and 528 nm (figures 6(a), (b)) indicate that the average particle diameters of gold nanoparticles are around 4 nm, while the band at 538 nm ( figure 6(c) ) suggests the gold nanoparticles are larger but still located at typical values for Au nanoparticles. The bands become broad because of the relatively high polydispersity, both in size and shape, which implies quite a broad range of possible resonance frequencies [32] .
Examination of catalytic activity provides information regarding the accessibility of the metal as a function of the preparation procedure and resulting morphology. For the catalytic activity, the studies first focused on the oxidation of benzyl alcohol because the reaction is often employed as a model reaction for alcohol oxidation. The reaction pathway for the oxidation of benzyl alcohol [33] has been suggested as (1) benzyl alcohol is oxidized into benzaldehyde; (2) benzaldehyde is further oxidized into benzoic acid; (3) benzyl alcohol and benzoic acid would interact and produce benzyl benzoate. According to the amounts of gold salts added to the system, the weight per cent of gold nanoparticles in these catalysts is provided in table 2. It was shown that the conversion of benzyl alcohol increased while the selectivity of benzaldehyde decreased with the weight per cent of gold below 7%. Furthermore, the conversion decreased dramatically when the amount of gold increased to 83%. A possibility is that at low TESPTS/P123 ratio, the structures of the catalyst are mesoporous and reagent in the reaction can readily access gold nanoparticles intercalated in the silica wall. Increasing the TESPTS/P123 molar ratio leads to an increased gold nanoparticle loading. While at high TESPTS/P123 ratio, the structures of the catalyst have been changed to a mixture of mesoporous and vesical-like and it is likely that not all of the gold particles can be accessed by reagent and the effective active area of the gold nanoparticles decreases. Furthermore, with high gold loading, the gold nanoparticles are more likely to aggregate together and lose catalytic activity.
In order to enhance the understanding of the catalytic properties of these catalysts, reduction of 4-nitrophenol was also studied because it is a common benchmark in the literature [34, 35] . In the absence of any catalyst, the mixture of 4-nitrophenol and NaBH 4 shows an absorption band at λ max = 400 nm corresponding to the 4-nitrophenol ion in alkaline conditions. This peak remains unaltered with time, suggesting that the reduction did not occur without the catalyst, even after a period of two days [36] . However, the addition of a small amount of appropriate catalyst to the above reaction mixture causes fading and ultimate bleaching of the yellow color of the reaction mixture in quick succession. Time-dependent absorption spectra of these reaction mixtures (figure S4 available at stacks.iop.org/Nano/ 23/294010/mmedia) shows the disappearance of the peak at 400 nm that is accompanied by a gradual development of a new peak at 300 nm corresponding to the formation of 4-aminophenol. For a more intuitional comparison, plots of C/C 0 versus time for various catalysts are constructed in figure 7 . CTP-2 has the highest catalytic activity and CTP-1 takes second place followed by CTP-0.5 and CTP-0.25. Only a slight reduction of 4-nitrophenol could be observed in the presence of CTP-0.125, CTP-30, Au-SiO 2 aerogel and SBA-15 within the period of 20 min. For CTP-0.125, the low catalytic activity is attributed to the low concentration of gold nanoparticles. The loss of catalytic activity in CTP-30 is due to aggregation of gold nanoparticles which do not have opportunities to be separate and intercalated well in the framework of the foam-like silica structure. For comparison, Au-SiO 2 aerogel, which represents catalysts with 2 wt% gold nanoparticles anchored on SiO 2 aerogel, and SBA-15 were also studied as controls. It can be clearly observed that CTP-0.25, which also contained 2 wt% gold particles, had higher catalytic activity than that of Au-SiO 2 aerogel ( figure 7) . Further, no activity was shown for SBA-15 for this reduction reaction (figure 7) even though it has very large specific surface areas of over 800 m 2 g −1 .
To ascertain whether the intercalation resulted in more thermally stable gold nanoparticles the CTP-0.5 system was further investigated. Almost no change can be observed in either the isotherm or pore size distribution plot, indicating that the structure of support material (available at stacks. iop.org/Nano/23/294010/mmedia) was not disturbed after heating, even at 750 • C for 3 h. The same conclusion can be obtained from the XRD patterns ( figure 8 ). Both the (111) peak and (100) peak had little change for shape and position. These two characterization results indicated that these catalysts have high stability under high temperature. Therefore, the catalysts may be reused and recycled after high temperature reaction.
Conclusion
The ability to impart stability to nanoscale metal catalysts is crucial for their implementation in reactions at high temperatures and pressures. An approach involving intercalating nanoscale metal particles in the walls of mesoporous silica involves the use of TESPTS that is inferred to coordinate the Au and direct it into forming mesoporous silica during preparation. A challenging issue associated with intercalation and the use of coordinating agents is the effect of the coordinating agent on the mesoporous silica structure and periodicity. The mesostructures of the support materials (available at stacks.iop.org/Nano/23/294010/mmedia) (silica) and gold/mesoporous silica catalysts were studied by varying the TESPTS/P123 molar ratio. The structures of the catalysts were mesoporous when the TESPTS/P123 molar ratio was 0.5 or lower while higher ratios produced systems ranging from partially mesoporous to foam-like. Catalytic reactions, including oxidation of benzyl alcohol and reduction Figure 8 . Nitrogen adsorption-desorption isotherms and XRD patterns of (a) CTP-0.5, (b) CTP-0.5 after heating to 500
• C for 3 h, (c) CTP-0.5 after heating to 750
• C for 3 h.
of 4-nitrophenol, demonstrate the effect of preparation parameters on catalytic activity. Below a critical value of TESPTS/P123 molar ratio, the catalytic activity became higher with increased ratio, while it decreased after this critical value. Studies focused on determining the exact nature of the active sites are on-going and will be reported elsewhere. Moreover, these materials are recyclable and show excellent stability after exposure to elevated temperatures.
